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1.0 Introduction 

The photovoltaic industry has grown rapidly during the last decade. 

Photovoltaics is now an important alternate energy source, and modules are in 

use in commercial installations. Several countries are planning on photovoltaics 

as a future energy SOUKCe. Examples are Italy and developing countries such as 

India and B r a z i l  which have ambitious plans to u s e  photovoltaics. In the 

applications area consumer products such as watches and calculators are becoming 

dwarfed by remote applications like microwave repeater stations and lighthouses 

and applicatidns such as powering vacation homes, water buoys, water pumping and 

street lighting. The photovoltaic industry has been growing and this industry's 

growth rate is projected at 20-30 percent annually. It is now recognized that 

to broaden photovoltaic (PV) applications, it is necessary to lower the cost of 

modules without sacrificing high performance. 

Since the mid 1970's when solar cells were fabricated using high-purity 

single-crystal silicon wafers, a number of alternate technologies have been 

developed. During the 1980's the material options for solar cells were 

crystalline silicon, amorphous silicon and other materials utilized as thin 

films. It is now recognized that the alternate materials have to undergo 

development, testing and a learning curve prior to setting up major production 

facilities. Amorphous silicon is limited by lower efficiency than crystalline 

silicon and it degrades with time. The best choice for the near term is 

therefore crystalline silicon and the photovoltaic industry recognizes that only 

crystalline silicon can meet the requirements of photovoltalc modules f o r  near 

future applications. To lower cost the high power denslty must be combined with 

efficient high throughput in production. The photovoltaic industry is currently 

relying on the use of silicon wafers produced by the Czochralski (Cz), 

multicrystalline growth or multicrystalline techniques. An essential component 
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of all of these techniques is that the silicon is available in the form of an 

ingot and has to be sliced into wafers for production of solar cells and modules. 

Other techniques involve some sort of ribbon growth where sheet silicon is 

produced directly from the melt, but these are limitedby low throughput and/or 

low efficiency and are therefore still in the development stage or have been 

dropped. The ribbon techniques do not involve a slicing s t e p ,  but none of these 

techniques are being practiced in production. The heart of photovoltaics is 

therefore the silicon wafers sliced from single or multicrystalline ingots. 

The silicon wafers represent over 50 percent of the module cost  and slicing 

represents nearly half of the wafer cost. Reduction of the silicon wafer cost 

is critical for lowering the cost of energy production by PV. 

Ingot growth technologies for crystalline silicon have shown considerable 

progress during the l a s t  decade to produce square high efficiency ingots at low 

cost. To realize this progress the ingots must be efficiently sliced into 

wafers. Slicing techniques utilized in production today have large kerf loss 

and/or high consumable costs to the point that the slicing cost  is more than half 

the wafer cost. Therefore, slicing o f  crystalline silicon ingots is still 

considered to be an obstacle to achieving further cost  reduction of photovoltaic 

modules. It is desirable to develop an effective slicing technique to slice thin 

wafers with low kerf at low cost. If these kerf and wafer objectives are 

achieved, the contribution of silicon meltstock and ingot growth c o s t s  t o  the 

wafer costs are lessened because less silicon material is required. Today a 

substantial portion of the total cost  of the wafer is in the wafering. 

Among the slicing techniques available to the industry, only three 

approaches are currently being pursued. The industry standard, internal diameter 

(ID), has been optimized, and significant further cost reductions are not 

anticipated. Improvements have been made in Multi-Wire Slurry (MWS) technique; 
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however, the expendable materials cost (wire, Sic slurry and oil) control the 

cost of slicing. Moreover, the disposal of silicon, silicon carbide and oil 

mixture presents environmental problems. 

A third approach, the Fixed Abrasive Slicing Technique (FAST), is 

currently at a prototype production stage. In FAST the expendable materials 

costs are reduced by using a diamond-plated wirepack, while the advantages of 

MWS are retained. 

In the FAST approach a multi-wire bladepack is reciprocated across the 

silicon workpiece, and slicing is achieved by using fixed diamond on the w i r e s  

as an abrasive and water as a coolant. In the bladepack equal spacing and 

tension of the wires is achieved and the diamonds are plated onto the wires in 

the cutting edge only. The diamonds on the w i r e  protect it from abrasion and 

failure during slicing due to wear, and the wires do not fail due to fatigue 

since they do not wind around rollers. With t h i s  approach the kerf is reduced 

and the amount of diamonds used is decreased. It is recognized in the industry 

that diamond is very effective as an abrasive for slicing silicon. 

Major developments in the area of fabrication of wirepacks, design of FAST 

slicer with high throughput, and slicing of crystalline silicon blocks has 

demonstrated that FAST i s  an effective technique f o r  slicing crystalline wafers 

for photovoltaic applications. It is, however, necessaryto develop FAST so that 

it can be utilized in production by the industry. One of the areas for further 

development is the use of multi-wire bladepacks f o r  slicing multiple blocks of 

crystalline silicon so that the consumable bladepack cost and kerf loss can be 

reduced. 
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2.0 Backaound 

2.1 FAST Slicing 

The FAST approach involves holding a diamond-coated multi-wire bladepack 

in a frame and reciprocating the frame across a workpiece. Initially this 

approach was utilized fur slicing sapphtre crystals. The adaptation of FAST for 

slicing silicon was established under a DOE/JPL program1. Initially a multi- 

blade slurry slicer was modified to demonstrate FAST slicing. It was observed 

that the massive bladehead required for tensioning of blades limited high 

reciprocation speeds necessary for FAST slicing and alaboratory FAST slicer was 

designed and fabricated. Some of the key elements of this slicer were a 

lightweight bladehead to achieve high reciprocation speeds, rocking of the 

crystal to minimize contact length between the wire and the crystal, straight 

line motion of the bladehead to minimize vibration for accuracy of slicing, and 

a sensitive feed mechanism for slicing with low feed forces. A schematic of  the 

FAST slicer is shown in Figure 1. 

A key element of FAST slicing is its wirepack with equal spacing and 

tension. A simple process for forming a wirepack2 was developed in which the 

cumulative errors in spacing of wires w a s  minimized. Two approaches of fixing 

diamonds onto the wire were developed. The first approach involved plating of 

diamonds in a nickel matrix and the second approach was impregnation of diamonds 

in a soft sheath covering the core wire, The impregnation approach showed that 

the diamonds were easily pulled out during slicing. Plating of diamonds after 

impregnation only delayed the diamond pull-out problem and this approach was 

dropped in favor of the plating approach. 

Initially the entire circumference of the wire was plated with diamonds. 

With this approach the rollers on either side of the workpiece used to guide 

the wires were abraded. The accuracy of slicing also reduced as slicing of the 
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workpiece progressed. An electroforming technique3 was developed in which the 

diamonds were plated only on the cutting edge of the wires. Under these 

conditions the portion of the wire contacting the guide rollers was not coated 

with diamonds. The electroforming technique minimized wear of the grooved guide 

rollers, aided seating of the wires in the grooved rollers and improved accuracy 

of slicing. Further work with the electroforming technique showed that the shape 

of the plating on the wires could be controlled so that the kerf could be 

minimized even when larger diamonds were utilized. This approach also allowed 

use of multiple layers of diamonds without increasing the kerf. 

The key element of FAST slicing is to maximize the pressure at the diamond 

t i p  during slicing. It was fouhdthat the cutting effectiveness degraded rapidly 

as the contact length between the wires and the workpiece increased. The concept 

of rocking the ~orkpiece~.~ was therefore introduced. With this approach a 

radial cut profile is formed during FAST slicing when the crystal is rocked. 

The contact length is reduced even as the size of the crystal being sliced is 

increased. Reduction of the contact length maximizes the pressure at the diamond 

t i p  so that effective slicing can be carried out even for large crystals. 

A correlation between the feed forces on the crystal, deflection of the 

wires, contact length and rocking angle was developed6* This data showed that 

larger rocking angles are required to slice larger workpiece size. This model 

was further developed in that the rocking speed has to be increased to improve 

cutting effectiveness of the wires. 

Characterization of FAST sliced silicon wafers showed that the surface 

damage’ in the wafers was limited to 3 to 5 pm. This is the lowest surface 

damage observed far any slicing technique. It has also been shown that FAST can 

be used for effective slicing of GaAs, Ge, CdTe and other expensive materials. 

Large silicon crystals were sliced by FAST to produce thin wafers with minimum 
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kerf. It was shown that 64 wafers/inch (25/cm) could be sliced8 with a 10 cm 

diameter workpiece and that the kerf could be reduced to less than 150 p .  In 

smaller sizes it was shown that 100 p thick wafers could be slicedg with FAST. 

Once FAST slicing was demonstrated in the laboratory and it w a s  shown that 

high quality thin wafers could be produced with low kerf, a major development 

w a s  undertaken In 1989 as a cooperative effort with BP Solar Group. The emphasis 

in this development program was to design and fabricate a prototype FAST slicer 

with increased throughput and potentially lower cost in production. This slicer 

(Figure 2) consists of three modules. A Cardan gear system drives two slicing 

head modules. In this configuration the two slicing modules balance the forces 

and two silicon bars can be sliced simultaneously. The prototype slicer has the 

capacity to slice 30 inches of silicon bar per slicing run. Effective slicing 

with this slicer has been demonstrated at 40 wafers/inch (16/cm) of silicon so 

that 1,200 wafers can be produced per run. The slicer is designed to slice 10 

cm square and 12.5 crn square cross-section silicon blocks. Thinner wafers can 

be sliced by changing the spacing of the wires in the bladepack. 

The features of the prototype slicer are compared to the laboratory slicer 

in Table I. During slicing with the prototype slicer, it was observed that the 

cutting effectiveness of the bladepack degraded as slicing progressed. An R & D 

program was initiated with the laboratory slicer to develop bladepacks to slice 

multiple silicon bars. Initially emphasis was placed on the plating of diamonds 

to optimize the bond between the diamond and nickel matrix so that  diamonds are 

not pulled out during slicing. Improvements were also made in cleaning the core 

wire prior to plating so that a tenacious bond was formed between the core wire 

and the nickel matrix to prevent stripping plating from the core wire. Variables 

such as core wire material, s i ze  of core wire, size of diamonds, type of 

diamonds, thickness of nickel plating, hardness of plating, plating parameters, 
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Table I. Comparison of the double-headed prototype FAST slicer with the 
laboratory slicer i n  1981. 

FAST $981 Slicel; 

# of cutting heads 1 

Bar length per run, cm 10 

# of wafers/cm capability - 25 

# of wafers/run capability 250 

Bar s i z e  capability, mm 100 x 100 

# of 100 mm x 100 nun 
wafersfix. 

Present slicinp t 

# of wafers/run 

Wafer s i z e ,  mm 

1s 

Protot-ype Slicer 

2 

76 

25 

1,920 

125 x 125 

115 

1,200 

100 x 100 
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diamond concentration and slicing parameters were optimized to maintain cutting 

effectiveness of the diamond-plated wirepacks. Experiments were carried out by 

slicing approximately 1 cm wide silicon blocks. This s i z e  corresponds to the 

contact length during slicing; therefore,  it was not necessary to rock the 

workpiece for these experiments. It was observed that the initial cutting 

effectiveness of the diamonds was good; however, as slicing progressed, the 

cutting effectiveness was reduced. The degradation of bladepacks with friable 

diamonds was not as severe as with synthetic or natural diamonds. From 

experiments it was observed that after the bladepack had lost cutting 

effectiveness, it could be revived by dressing. 

The development of the high throughput double-headed FAST slicer has shown 

that slicing costs can be reduced. Slicing thin wafers with low kerf improves 

material utilization, thereby reducing the cost of slicing and the c o s t  factor 

contribution of silicon meltstock and ingot growth towards the t o t a l  cost of 

silicon wafers. At present the expendable materials costs are still high, and 

it is necessary to reduce these costs so that an economic FAST slicer can be 

used in production. If techniques can be developed so that  the wirepack can be 

utilized to slice multiple silicon blocks, then the expendable materials costs 

w i l l  be reduced significantly. 

2.2 Expendable Materials C o s t s  for FAST Slicing; 

During the development of FAST technology, it was evident that the 

contribution of  equipment and labor costs to the total cost of the wafer would 

be considerably lower than other  slicing techniques. It was shown that the cost 

of wafers could be reduced using FAST as the material utilization was high and 

surface damage in the wafers was low. A s  the development of FAST technology 

progressed, it appeared that with a double-headed FAST slicer, high throughput 

could be achieved. 
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Prior to the start of the present program, all of the essential cost 

elements discussed above were achieved and demonstrated in prototype production. 

The only remaining element of the c o s t  of wafers is the expendable materials 

cost .  In FAST slicing the major expendable materials costs are f o r  diamond- 

plated wirepacks. By electroforming techniques the amount of diamond used for 

diamond plating has been reduced, However, it is essential that the wirepack 

slice through multiple silicon blocks to reduce the expendable materials costs 

per slice and thereby make FAST the most cost effective technology for large- 

scale production of silicon wafers for solar cell applications. 

It is known that fixed diamond abrasive stands up durhg slicing of 

silicon. This is demonstratedby the ID technology where up to 4,000 wafers of 

4-inch diameter are routinely sliced in production using a single layer of 

electroplated diamonds on a blade.  It is recognized that very high feed forces 

and high rotational velocity of the blade in ID slicing differs from the FAST 

approach. If the wirepack can be used for effectively slicing multiple silicon 

blocks, the contribution of expendable materials costs ( i , e . ,  bladepack) to the 

wafer costs will be reduced significantly. The economics will be favorable for 

FAST slicing if five 10 crn x 10 cm silicon blocks can be sliced. However, if 

ten such blocks can be sliced, the cost of FAST slicing will be considerably 

lower than other slicing techniques. An important consideration f o r  FAST slicjlng 

is that water is used as a coolant; therefore, the by-product is a mixture of 

silicon swarf and water which can be disposed of without concern for 

environmental problems, unlike MWS, where the by-product is a mixture of oil, 

silicon carbide and s€licon. 

Once it was recognized that diamonds can be f ixed  on wires by 

electroplating, the main degradation mechanism of wire blades was diamond 

pulloutlo; therefore, emphasis was placed on the plating process so tha t  the 
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nickel plating was developed to hold diamonds during FAST slicing. Improvement 

was observed so that three silicon blocks of 10 crn diameter could be sliced 

using the same wirepack'l. It was observed that the slicing effectiveness for 

the second and third blocks was reduced as the average slicing rate w a s  less than 

100 pm per minute and the yield of wafers w a s  reduced. At that stage major 

improvements were made to the FAST slicer so that the crystal was rocked over 

a wider angle, a more sensitive feed mechanism was installed, and a completely 

new drive system was incorporated. Improvements in the slicer allowed effective 

slicing of 10 cm x 10 cm silicon blocks .  Further improvements in the plating 

technology showed that diamond pullout was no longer the failure mechanism for 

the wirepacks even after it had been used for slicing multiple silicon blocks;  

however, it was observed that the slicing rate decreased with time and the yield 

of wafers decreased with subsequent blocks. 

A program on wire blade development was initiated to understand the 

In this  program 1 cm wide silicon bars 

The results of this program are summarized below. 

degradation mechanism of the wirepacks. 

were slicedwithout rocking. 

Very high initial slicing rates (over 500 pm per minute) were observed; 

however, the slicing rate decreased with time. 

For feed forces of 40 to 80 grams per wire, higher slicing rates were 

observed for higher feed forces. 

The slicing effectiveness of 60 prn diamonds was better than 45 pm 

diamonds. 

For the same size diamonds the slicing effectiveness of friable-type 

diamonds was better than natural or synthetic diamonds. 

Diamond concentration on the wire did not show significant difference 

in slicing effectiveness. 
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After a wirepack had shown de ter iora t ion  in slicing effectiveness, it 

could be revived by dressing. 

This data formed the bas i s  for understanding the mechanism for degradation 

of slicing effectiveness of the wirepack during slicing. 
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3 , O  Experimental Results 

Based upon the background results discussed above, slicing of 10 cm square 

cross-section silicon blocks was carried out during the present program. The 

effort involved slicing tests, analysis of data, correlation of experimental data 

with theoretical analysis, development of a model for increasing the life of 

bladepacks, cost analysis on the impact of bladepack llfe to the slicing costs, 

and development of a solution to the problem of reducing expendable materials 

costs by increasing the life of the bladepacks. 

3 . 1  Slicing Tests 

During the program a number of slicing tests were carried out to understand 

the mechanism which limits the life of the bladepacks during FAST slicing. The 

parameters that were tested were diamond s i z e ,  diamond type, diamond 

concentration, plating thickness and substrate material. All bladepacks except 

#22 were made with electroforrning tooling with a spacing of 40 wires per inch 

and a 60 degree angle for plating as shown in Figure 3 .  

The laboratory FAST slicer was utilized for the slicing tests so that data 

could be obtained by slicing approximately 100 mm long sections of 100 mm x 100 

mm silicon blocks. Emphasis was placed on correlating this data with the 

bladepacks produced for the high-throughput FAST slicer. For example, tooling 

for plating of 15-inch wide bladepacks was appropriate for plating two matching 

4-inch wide bladepacks €or the laboratory slicer at the same time. The results 

of the slicing tests carried out are shown in Table 11, and the data on the 

bladepacks is shown in Table 111. 

In the slicing t e s t s  carried out, l o w  feed force was used initially to 

prevent breakage and achieve desired curvature of the cut profile starting from 

straight top surface of the 10 c m  square bars. The feed force was increased to 

approximately 65 grams per wire to achieve high cutting rates. With this 
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Figure 3. Schematic of e lec t rofoming tool ing  at spacing of 40 wires per 
inch with a 0,008 inch core wire placed  in 60° V-grooves. 



Table 11. Details of Experiments Carried Out on Blade Development. 

Wafers Wafers 
Blade- Avg.  Cutting L o s t  L o s t  % Yield 

Expt. pack Cutting Rate a t  Full Load Max Rate & Total During at Whole 
# ID # Beginning Ending Load T i m e  of Cut Run- Dismount Wafer Remarks 

wire) (hrs : min) 
(mil s/min) (mil s/min 1 (GI/ (mils/rnin) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

214A- 
071090 

214B- 
071090 

215A- 
072590 

2 15A- 
072590-2 

215B- 
072590 

221B- 
091390 

22824- 
103190 

228A- 
103190-2 

227A- 
103090 

22711- 
103090-2 

227A- 
103090-3 

5.666 

4 . 035 

4 . 048 

4.033 

4 . 8 2 5  

4 . 4 4 0  

5 . 652 
4 .485  

5.272 

4 . 4 6 1  

3.239 

4 . 8 4 7  

4 . 039 

4.055 

4 . 857 

4 . 087 

4 . 8 6 1  

6.068 

4 . 052 

4.038 

2.042 

2.837 

4.832/13: 55 

3 . 576/19 : 25 

4.864/14 : 19 

3.255/20:46  

4.179/17:32 

3.823/17:34 

1.773/3 : 18 

2.926/22 : 42 

3.332/19:40 

2.024/13:  06 

2.533/25:23 

1 6  

10 12 

11 1 5  

11 5 

15 ? 

15 7 

8 15  

Mass Destruct 

? 40 

6 6 

Run Aborted 

14 27 

86% 

84% 

89% 

-90% 

86% 

86% 

0% 

-75% 

92 . 5% 

0% 

71% 

Mating 
Bladepack 

tungsten 
wire 

2nd U s e  

Mating 
Bladepack 

2nd Use 

n a t u r a l  dia .  
moderate 
friable 

2nd Use 

3rd Use 
A f t e r  Dressing 



Table I1 Continued. 

Wafers Wafers 
Blade- Avg. Cutting L o s t  L o s t  % Yield 

E x p t .  pack Cutting R a t e  at Full Load Max Rate & Total During at Whole 
# ID # Beginning Ending Load T i m e  of Cut R u F  Dismount Wafer Remarks 

w i r e )  (hrs:min) 
( m i l s / r n i n  1 (mil s / m i n )  (g/ ( m i l s / m i n )  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

226B- 
102690 

226B- 
102690-2 

241A- 
11291 

241A- 
11291-2 

241B- 
11291 

241B- 
11291-2 

242B- 
112291 

247A- 
022591 

248A- 
022691 

24811- 
022691-2 

249A- 
030791 

4 . 8 9 4 .  

5.288 

6.899 

2 . 4 3 7  

4.056 

2.441 

4 . 475 

4.842 

4 . 8 8 3  

3.261 

4 . 071 

-5,271 

3.649 

4 . 867 
2 . 444 

3.649 

2.033 

2.431 

2.437 

4,052 

4 . 051 

4.459 

67g/w 3 . 784/17: 31 

67g/w 2,854/23 : 17 

67g/w 4 . 588/14 : 38 
47.5g/w 1.715/3:57 

60g/w 3 . 914/17: 04 

60g/w 2.832/23:25 

60g/w 2 . 555/25: 37 

60g/w 1.590/34:10 

60g/w 3 . 729/17: 54 

66g/w 2.965/22: 30 

50.9g/w 3 788/17: 37 

2 2 

9 11 

5 17 

Run Aborted 

4 20 

6 -59 

10 22 

5 10 

16 44 

52 26 

96% 

87% 

86% 

0% 

85% 

58% 

80% 

0% 

90% 

62% 

60% 

f r iable  
diamond 

2nd U s e  

2nd Use 

Mating 
Bladepack 
to E x p t .  15 

2nd Use 

30 I-lm 
natural 

DuPont dia.  
most friable 

2nd Use 

17 



Table I1 Continued. 

Wafers Wafers 
3lade- AVgm Cutting Lost Lost % Yield 

E x p t .  pack Cutting Rate at Full Load Max Rate & Total During at Whole 
# ID # Beginning Ending Load Time of Cut RuK Dismount Wafer Remarks 

wire) (hrs : min) 
(mils/min) (rnils/min) tw (rnils/min) 

23 226B- 4.842 4.846 67g/w 3 672/18 32 36% 
102690 
CRUSHED 

2 4  248B- 4.878 4.057 67g/w 3.682/18: 03 13 12 78.6% Mating 
022691 Bladepack 
CRUSHED-1 to E x p t .  20 

25 240 -0 6 7 W W  0 Run Aborted cubic boron 
n i t r i d e  would 
not  cut 

18 



Table 111, Details of Bladepacks Used in Slicing Experiments. 

- 
Blade- Plating Elongation 

Expt. pack Diamond Amount Time Core Dia. at Plating 
# ID # Type S i z e  Diamond (amp/ Material ( i n s )  Remarks 

(Pm) (9) min) (ins) 

1 214A- 
071090 

GE 45 30 1126 -008 SS . 152" Standard bladepack 
300s 
Strong 

2 214B- 
071090 

45 30 1126 ,008 SS ,152'1 Matching bladepack GE 
300s 
Strong 

--- Tungsten wire 2 15A- 
072590 

1066 -008 
Tung. 

GE 45 
300s 
Strong 

30 

215A- 
072590-2 

GE 
3005 
Strong 

4 5  30 1066 -008 
Tung . 

5 4 5  30 1066 .008 
Tung . Matching bladepack 215B- 

072590 
GE 
3005 
Strong 

6 221B- 
091390 

GE 
300s 
Strong 

4 5  6 1096 .008 ss 

,152ff 60 pm diamond; 
longer plating time. 

7 2 2 8A- 
103190 

GE 
300s 
Strong 

60 14 1575 .008 SS 

8 60 14 1575 ,008 SS 152" 2 2 8A- 
103 190-2 

GE 
300s 
Strong 

9 227A- 
103090 

Natura l  45 
Moderate 
Friability 

9 1232 -008 SS 

19 

. 152" Natural diamond 



Table 111 Continued. 

Blade- Plating Elongation 
Expt. pack Diamond Amount Time  Core D i a .  at Plating 

S i z e  Diamond (amp/ Material (ins) Remarks 
( P m  (53) min) (ins) 

# ID # Type 

10 2 2 7A- 
103090-2 

Natural 45 9 
Moderate 
Friability 

1232 .008 SS , 152" 

11 227A- 
103090-3 

Natural 45 9 
Moderate 
Friability 

1232 ,008 SS . 152" 

12 

13 

14 

015211 Friable diamond 226B- 
102690 

GESTD 45 9 
Friable 

1057 

1057 

1232 

.008 SS 

,008 SS 

-008 SS 

226B- 
102690-2 

GESTD 45 9 
Friable 

. 152" 

1521f Friable diamond 
broader diamond 
s i ze  distribution 

2 4 1A- 
11291 

CDA 325/400 10 
Very 
Friable 

15 2 4 1A- 
11291-2 

CDA 325/400 10 
Very 
Friable 

1232 . 152 .008 SS 

16 241B- 
11291 

CDA 325/400 10 
Very 
Friable 

1232 .008 SS 

17 

18 

241B- 
11291-2 

CDA 325/400 10 
Very 
Friable  

-152 l1 1232 ,008 SS 

Natural 30 10 
Moderate 
Friability 

-152" Shorter plating time 
30  p m  diamond 

242B- 
112291 

924 -008 SS 

19 247A- 
022591 

DuPont 45 10 
FG 

1232 ,008 SS 

20 

.152 r1 Most friable 



Table I11 Continued. 

Blade- Plating Elongation 
Expt. pack Diamond Amount Time Core ~ i a .  at Plating 

Size Diamond (amp/ Material (ins) Remarks 
h m )  (9) min) (ins) 

# ID # Type 

2 0  248A- RVG 60 3.0 1232 -008 SS 
022691 Friable 

21 248A- RVG 60 10 1232 ,008 SS 
022691-2 Friable 

22 249A- GESTD 4 5  10 1478 .008 SS 
030791 Friable 

2 3  226B- GESTD 4 5  9 1057 .008 SS 
102690 Friable 
Crushed 

24 248B- RVG 60 10 1232 -008 SS 
022691 Friable 
Crushed-1 

2 5  240- Cubic 325/400 10 1232 .008 SS 
11791 Boron 

Nitr ide  

152" 

.152 

J521f 4 8  pitch;  10 degree 
included angle. 

.152" 

.152 

.152t1 Cubic Boron Nitride 

21 



procedure higher cutting rates are obtained at the end when the chord of the cut 

profile decreases. The average cutting rate for the entire test is lower because 

of longer time at low initial cutting before the desired cut profile is achieved. 

For Experiments 1 and 2 standard plating parameters, diamond size and type 

were used: Plating thickness 30 prn resulting from 1126 Amp minute plating time 

on 8 mil stainless steel wire, 45 pm GE 300s strong diamonds with high 

concentration resulting from charging 30 gms into the plating bath. 

Matching bladepacks plated at the same time were used in Experiments 1 and 

2 .  The cutting rate as a function of slicing time is shown in Figures 4 and 5. 

Low initial and high final cutting rates are apparent for both tests. It can 

be observed that the average cutting rate for Experiment 1 w a s  higher than that 

for Experiment 2 for all the same parameters. The slicing rate for Experiment 

2, while not as high as for Expertment 1, w a s  essentially constant f o r  most of 

the test. This data shows the typical performance of a bladepack in FAST slicing 

for wafering the first 10 cm square silicon block. In Experiment 3 tungsten 

instead of stainless steel wire was used. In this experiment effective slicing 

was achieved and a high yield of wafers was obtained. The average slicing rate 

was also high (approximately 125 pm per minute), and the same bladepack w a s  

utilized for slicing a second silicon block (Experiment 4). It was observed that 

a high yield of wafers was obtained; however, the average slicing rate for the 

second block dropped to approximately 82 pm per minute. The cutting rate as a 

function of the slicing time is shown (Figure 6 )  'for Experiments 3 and 4 .  This 

shows the characteristic degradation that occurs in slicing multiple blocks with 

one bladepack. The mating bladepack was used in Experiment 5 and performance 

in slicing was similar to Experiment 3 .  The bladepack with tungsten wire 

performed similar to bladepack 214A&B made with stainless steel wire. The 

bladepack used in Experiment 6 was fabricated using the standard stainless steel 
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Figure  4 .  Cutting rate as a function o f ' t i m e  for 4 5 p m  diamond-plated wirepack 
used in Experiment 1. 
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t w o  s i l i c o n  blocks in Experiments 3 and 4 .  



core wire, and the diamonds charged to the plating bath was less compared to 

earlier bladepacks fabricated. The slicing test showed a similar result for 

slicing the first siliconblock showing diamond concentration is not an important 

factor. 

In Experiment 7 60 micron diamond was used and the feed force was 

increased quickly to 67 grams per wire. It was observed that some chipping of 

the silicon occurred, and these chips were caught between the wires causing major 

destruction of the wafers. This run w a s  therefore aborted. The same wirepack 

was used in Experiment 8 and the usual procedure of increasing feed force in 

small increments was followed. Effective slicing was achieved; however, the 

average cutting rate was less than 75 pm per minute. 

For Experiment 9 the diamond type was changed from man-made to natural 

45 pm. High initial cutting rates (greater than 125 micron per minute) were 

obtained, and the block was sliced with overall cutting rates greater than 100 

pm per minute with a wafer yield of 92.5 percent. The same bladepack was used 

in Experiment 10; however, after slicing for approximately 13 hours, the t e s t  

was aborted as wire wander was observed. Wander usually is associated with poor 

cutting. The same bladepack w a s  dressed after this experiment and utilized for 

slicing in Experiment 11. The initial cutting rates in Experiment 11 were 

significantly higher than the cutting rates towards the end of Experiment 10. 

This shows that the bladepack can be revived for effective slicing by dressing. 

The bladepack used for Experiments 12 and 13 was electroplated with friable 

diamonds. Effective slicing w a s  achieved for sllcing two blocks of silicon with 

high y i e l d s  (96 and 87 percent). The bladepacks used for Experiments 14 through 

17 were electroplated using a more friable type of diamond (CDA) which has a 325 

to 400 grit size distribution due to a separation process instead of a 

micronization process t ha t  results in a tighter s i z e  distribution. Each 
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bladepack was used to slice two silicon blocks; however, the cutting rate for 

slicing the second block and the yield of wafers w a s  low. This data showed that 

GESTD-type friable diamond performs better than the CDA-type diamonds for FAST 

slicing, In Experiments 19 through 20 different kinds of diamonds (DuPont FG, 

RVG friable and GESTD friable) were evaluated for FAST slicing. In run 18 

natural 30 pm diamond w a s  used and plating time was shortened from 1232 to 924 

Amp minutes. The cutting rate of this bladepack degraded more rapidly than for 

45 pm natural diamond with thicker plathg. This is a very interesting effect 

which may be due to the smaller diamonds or shorter plating time which would 

result in thinner nickel plating that would not hold the diamond as tenaciously. 

Experiment 19 was conducted with 45 pm explosively formed DuPont diamond. 

It is a polycrystalline dtamond that is very weak and is often used for polishing 

I 

because it breaks down so easily. The diamond has many impurities that caused 

nickel nodules to form on the plating and required dressing to expose the diamond 

tips. The cutting rate was low, 1.59 mils/minute, but it did not degrade during 

the run. The nickel plating may have provided the diamond from cutting 

effectively, Experiment 20 was conducted with a bladepack plated with 60 pm 

friable diamond. It performed better than the bladepack used in Experiments 7 

and 8 that used a stronger 60 pm diamond. Experiment 21 was performed with the 

same bladepack and still had good cutting rate at the end of cutting the second 

bar. Experiments 23 and 24 were performed with bladepacks that were crush- 

rolled to position many diamonds at the same height. The bladepack used in 

Experiment 12 (45 pm friable diamond) was crush-rolled and reused in Experiment 

23 to achieve nearly the same cutting rated achieved during the first cut 

(Experiment 7). This is an extremely interesting result since a high constant 

cutting rate was maintained throughout the run, The cutting rate of Experiment 
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24 was similar to Experiment 20 where the matching bladepacks (60  prn friable 

diamond) was used after crush rolling. 

The data showed the following: 

(1) Friable diamond performed bet te r  than natural t ype ,  and amung the 

friable diamonds the RVD-type diamonds showed the best performance. 

(2) New and used bladepacks that were crush-rolled exhibited almost no 

degradation from the beginning to the end of the cut. 

( 3 )  Cutting rates can be increased by dressing, 

( 4 )  Diamond concentration and type of core wire used had no noticeable 

effect on cutting performance. 

3.2 Analysis of Data 

From the above slicing tests it can be summarized that the bladepacks lose 

cutting effectiveness with time. The cutting effectiveness can be revived by 

dressing; however, the dressing operation can only be carried out after slicing 

a block. Examination of the wires after the wirepack had lost cutting 

effectiveness showed that the diamond concentration on the wires w a s  still high, 

and there w a s  no observable diamond pullout. It can be concluded that  diamond 

pullout is not the failure mechanism for the wirepacks. It was a l so  observed 

that bladepacks fabricated with 30 grams and 6 grams of diamond charged to the 

plating bath showed similar performance. Therefore, it can be concluded that  

the diamond concentration being low is not responsible for loss in cutting 

effectiveness. 

Among the various diamond types evaluated, it w a s  observed that the friable- 

type diamonds performed better than the stronger synthetic, blocky or natural 

type. SEM examination of the diamonds is shown in Figure 7 +  This t s  contrary 

to expectation because the friable-type diamonds are not as hard and can fragment 

under high loads. From this data it can be concluded that a very small number 
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of diamonds on the wire contact the silicon workpiece and are used for slicing. 

This can happen only if the tips of the diamonds are at different elevations on 

the wire and the t i p s  at highest elevations prevent other diamonds at lower 

elevations from contacting the workpiece. If the number of diamonds contacting 

the workpiece at any time is small, the feed force on each dhnond tip is high. 

Under these conditions the diamond tip may become blunt by forming a "wear flat" 

or it may be moved in its nickel setting to a less favorable cutting orientation 

during the reciprocating action. If wear flats are formed on most of the 

diamonds at highest elevations and no new diamonds contact the workpiece, then 

the effective pressure on the wear flats will become less as slicing progresses 

and the wear flat increases in s i z e .  Movement of a diamond into a less favorable 

cutting orientation would involve rotating from a point to a flat surface as a 

result of the large cutting forces and the push-pull action associated with 

reciprocating cutting, Wear f la t s  and/or movement of  the diamond from a point 

to a flat explain the observation that the slicing effectiveness of bladepacks 

decreases as slicing progresses. Since the effective pressure on the diamond 

tip decreases as the flat increases in size, the diamond cannot be removed from 

the wire so diamonds at lower elevations contact the workpiece; effective slicing 

cannot be restored. Since the number of diamonds at the highest elevation is 

very small compared to the total number of diamonds, correlation was not observed 

for the amount of diamonds charged to the plating bath and slicing effectiveness. 

Once a silicon block is sliced, the dlamonds at the highest elevation can be 

removed by dressing so that sharp diamonds at lower elevations contact the 

workpiece. Previous experiments have shown tha t  slicing effectiveness of the 

wirepack can be restored by dressing. Once again the dressing operation removed 

very few diamonds; therefore, cutting effectiveness was always restored after 

dressing irrespective of the amount of diamonds charged to the plating bath. 
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Attempts were made to observe different elevations of diamonds on the 

wires, but proof could not be obtained with optical microscopy or even with 

Scanning Electron Microscopy (SEM). To confirm the hypothesis that diamonds are 

at different elevations and that very few diamonds contact the workpiece, an 

experiment w a s  carried out using a flat plate. This plate w a s  electroplated with 

diamonds similar to thoseutilized f o r  electroforming ofwires. Sections ofthis 

plate were examined wlth an SEM, and it was observed that high concentration of 

diamonds were obtained. In this 

figure the marker at the bottom represents 50 pm, It can be seen that the 45 pm 

diamonds have different length-to-width ratio; therefore, the position of the 

diamond affects its elevation from the plate. Some of the diamonds appear to 

be buried under the plating while others have a substantial. portion above the 

plating. A section of the plate was tilted about 20" to observe the elevation 

as shown in Figure 9. This figure indicates that the diamonds have different 

elevations above the plating. A lower magnification picture (Figure 10) shows 

that the diamond concentration was very high. The diamond plated plate was 

rubbed across a silicon piece at high feed forces (-10 times tha t  utilized for 

FAST slicing). The silicon block w a s  examined wtth an SEM and five consecutive 

sections of scratches are shown in Figure 11. It can be observed that the 

grooves formed on the silicon bar are at different spacing with different depth 

for each groove. It is important to note t h a t  the marker for Figure 11 is 50 p m ,  

similar to that in Figure 8 in which the diamond concentration was shown. This 

confirms that even under very high feed forces, the number of diamonds contacting 

the workpiece is a small fraction of the total number of diamonds. The diamonds 

contact the workpiece at di f fe ren t  elevations therefore the feed force on the 

diamonds varies and grooves of different depth are formed. A calculationbased 

A representative sample i s  shown in Figure 8 .  
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on SEM examination of the total number of diamonds and scratches formed showed 

tha t  approximately 0.1% of the available diamonds contact the workpiece. 

An attempt was  made to observe wear flats on diamonds on wires after 

slicing of silicon blocks. As seen from Figure 8 and a magnified view of a 

representative diamond in Figure 12, the diamonds show faceting, and it was 

difficult to distinguish between the original facets and wear flats formed. 

Characterization was made even more difficult because a f t e r  use it was difficult 

to identify the diamonds which had contacted the workpiece during slicing as only 

0.1% of the diamonds were involved i n  slicing. Another experiment was therefore 

carried out to distinguish the diamonds involved in slicing from the total number 

of diamonds. A similar diamond plated plate discussed earlier was coated with 

a thin film of gold by evaporation. This plate was vigorously rubbed across a 

silicon block under high feed forces. Examination of this plate using Robinson 

Back-Scattered Electron Imaging (RBEI) is shown in Figure 13. The areas of 

diamonds contacting the silicon block had abraded the gold film and can be seen 

as dark spots due to charging from the electron beam. Again it can be seen that 

the number of diamonds contacting the silicon block is a small fraction and that 

among them each of the diamonds has a different area of contact. 

These experiments confirm the hypothesis that very f ew diamonds contact 

the workpiece during slicing and that the effective feed forces on each diamond 

varies during FAST slicing so that the cutting rate varies during slicing. When 

the number of diamonds contacting the workpiece is small, the effective feed 

forces at the diamond tip is high which may result in formation of wear flats 

or rotation of a diamond t i p  to a flat. When the number of diamonds contacting 

the workpiece is higher, wear flats or diamond rotation may be minimized as 

observed withbladepacks that were crush-rolled t o  achieve a more uniformheight 

of diamond t i p s .  The degradation of the wires may be dependent on this 
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parameter; however, slight variation in the length-to-width ratio for each 

diamond could cause significant variation in the elevation of the diamonds after 

plating. Crush-rolling may be necessary to equalize the diamond tip height and 

replating may be needed to prevent diamond movement after crush-rolling. 

3 . 3  Drv Cutting 

Considerable work has been done in the industry on wear of diamond 

The relationship between grinding and abrasive wear has 

It has been reported16 that the ultimate performance of 

grinding  quill^'^-^^. 

also been correlated. 

both grinding and abrasive wear depends on the abrasive grits of the tools rather 

than differences in construction of the tools. Similar to abrasive wear, in 

abrasive slicing the efficiency of the action of individual abrasive particles 

is influenced by the hardness of the material being sliced and the ra te  of 

ploughing i n t o  the material. In the case of FAST slicing of silicon, therefore, 

the individual shape and morphology of diamond particles and their penetration 

into the silicon will strongly influence the efficiency of slicing. A 

theoretical analysis is presented in Section 3 . 4 .  

A comparison of wet versus dry grindi11gl~8~~ and the effect of temperatureig 

on grinding has been reported in literature. It is believed that the performance 

of grinding wheels is improved by using coolant. Dramatic increase in the wear 

ra te  of quills w a s  observed when coolant w a s  applied at low speeds, but only a 

modest increase in wear rate was observed when it was applied at higher speeds''. 

Applying this data to FAST slicing using coolant, the wear rate of the diamond 

should be high when slicing is carried out at low tool speeds and wear f lats  on 

diamonds minimized without use of coolant. 

The problems involved in dry slicing are the removal of silicon swarf 

during slicing and the graphitization of diamond if the temperature at the 
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diamond tip is very high, as observed with ID slicing when there is no adequate 

coolant, 

An experiment was carried out to evaluate dry FAST slicing. An 

electrostatic f i e l d  was set up near the silicon block so that the submicron swarf 

particles were removed from the area of slicing. Initially coolant was used to 

establish the cutting rate, after which the coolant was stopped and the 

electrostatic field applied. This field was effective in removing some of the 

swarf and the rest of the swawf was removed with a vacuum, It was observed that 

the slicing rate was considerably lower with dry slicing to a point where 

effective slicing was not  achieved. At that point: the electrostatic f i e l d  was 

switched off and the coolant was applied. The original cutting rate was 

restored. 

This experiment showed that dry slicing 1s n o t  effective with FAST and 

graphitization of diamond, if any, is mhimal. This maybe because the effective 

t o o l  speed is low and the effective pressure at the diamond tip is also low. 

In conventional grinding and abrasive cutting, tool speed is low but pressure 

is high. For abrasive cutting (such as ID slicing) the tool speed and the 

pressure are both high; therefore, dry cutting cannot be utilized because of 

graphitization of diamonds. 

3 . 4  Correlation of  Experimental Data with Theoretical Analvsis 

3.4.1 Diamond S i z e  Distribution 

Diamonds obtained from vendors are classified according to size; however, 

there is a spread of diamond s i z e s  for each s i z e  specified. In addition, the 

length-to-width ratio for diamonds will vary. The diamonds obtained for plating 

of w i r e s  are s p e c i f i e d  for a t i g h t  distribution. A typical distribution of a 

45 p diamond batch is shown in Figure 14. This shows that the geometric mean 

size is 46.07 I-( with a standard deviation of 7.781 and a median size of 46.24 p .  
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For the diamond size, a, if there are a total of n diamonds, then within 

a small diamond s i z e ,  da, the corresponding number of diamonds, dn, can be 

expressed as follows: 

dn - n.& 
a 

or 

- dn - 11 
da a 

From the data in Figure 14, it can be seen that the maximum number of  diamonds 

are 45 .86  p size; however, there are also some diamonds up to 75 p s i z e .  The 

plating thickness to hold the diamonds is typically 30 p so that  approximately 

2/3 of the 45 p diamond is held in the nickel plating. The largest  diamonds will 

not be held with the plating, and during initial slicing these diamonds will be 

removed. Diamonds of approximately 60 c,r size will be held and about half the 

diamond held in the plating; therefore, it can be assumed that diamonds larger 

than 60 p size will not remain in the slicing operation due to pullout during 

initial slicing. Of the diamond s izes  remaining, the larger diamonds protrude 

farther than the smaller diamonds and contact the silicon workpiece during 

slicing. 

If it is assumed that the diamond penetrates approximately 3 pm into the 

workpiece at feed forces used in FAST slicing, then only diamonds of  56 to 60 p 

s i z e  will contact the silicon workpiece. From Figure 14 it can be seen t ha t  

approximately 5 percent of the total number of diamonds (no) are of 57 to 60 p 

(da r= 3 )  size. Therefore, 

- dn - 0.0511, - 0.017n0 
da 3 ( 3 )  

This means that less  than 2 percent of the total diamonds p l a t e d  on the wire 

would be affective f o r  FAST slicing, and the remaining diamonds would not contact 

the workpiece. 
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The above analysis utilizes only the distribution of dlamond sizes to 

conclude that less than 2 percent of the available diamonds contact the silicon 

workpiece during slicing. Other variables such as shape factor (length- to- 

width ratio) of the diamonds, orientation of the largest dimension of the 

diamonds with respect to the wire, the curved surface o f  the wire, etc., will 

also affect the number of diamonds contacting the workpiece during slicing. As 

a f i rs t  approximation it is expected that these factors would reduce the number 

of diamonds contacting the workpiece as compared to those obtained from 

equation ( 3 ) .  This is consistent with the experimental observation that less 

than 1 percent of the available diamonds contact the workpiece during FAST 

slicing. In vfew of this, equation ( 3 )  can be utilized as a probability factor, 

since these diamonds are not removed due to pullout so that the next lower size 

diamonds can be involved in slicing. If these diamonds are removed so that the 

next layer of diamonds is exposed, then the number of diamonds contacting the 

workpiece for the same penetration i n  the workpiece would be considerably higher 

because for each successive da - 3 ,  the percentage of diamonds increases until 

the geometric mean size of 46 p is achieved. 

In general for a penetration depth of diamond into the silicon workpiece 

of  h, the number of diamonds with penetration between h and (h + dh) can be given 

by the following equation: 

- dN = gN& 
dh a ( 4 )  

Where g is a geometric factor (-0.02), No is the total number of diamonds on the 

wire and a is the median size of diamonds. Integration of equation ( 4 )  shows 

that the total number of diamonds, N, involved in slicing with a penetration 

depth of h can be given by: 

N = gNog 
2a (5) 
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This shows that N is a quadratic function of h; f o r  small increases in h, large 

increases in N will be obtained. This is consistent with data in Figure 14 which 

shows that if diamonds smaller than 57-60 p sizes are involved in slicing, then 

the number of diamonds contacting the workpiece will increase considerably. 

The above analysis also shows that as the concentration of diamonds on the 

wire, No, is increased, it will have a smaller ef fec t  on N as compared to 

increasing the penetration depth, h. Therefore, no difference in slicing 

effectiveness was observed for bladepacks fabricated using 30g or 6g of diamonds 

charged to the plating bath. 

3 . 4 . 2  Penetration of  Diamonds Into the Workpiece 

From the experimental data it can be concluded tha t  very few diamonds are 

contacting the silicon workpiece during FAST slicing. This data can be confirmed 

with theoretical analysis based upon diamond s i ze  distribution. A small fraction 

of the total diamonds protruding farthest above the plating contact the 

workpiece, and other diamonds which are slightly below cannot contact the silicon 

during slicing. If more d€amonds should be involved in the slicing, then it 

should be possible to accomplish this using two approaches. In one approach 

conditions shouldbe developed so more diamonds protrude equally above the nickel 

plating so a l l  diamonds contact the workpiece. In the second approach if the 

penetration depth of diamonds into the silicon workpiece can be increased, the 

diamonds which are slightly above the silicon workpiece during FAST slicing will 

penetrate the silicon andbe involved in the slicing. Experiments were performed 

to confirm these approaches experimentally, and the results are discussed below. 

Increasing Diamonds With Same Protrusion 

An experiment was carried out to evaluate if, when an electroplated 

bladepack is crushed between rollers, a larger number of diamonds can be 
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positioned so the average protrusion above the plating is similar. A bladepack 

which had been used for slicing two silicon blocks (in Experiments 12 and 13) 

was placed between flat rolls and pressure was applied. One of the wires was 

examined af ter  crushing using SEM. Two views of this wire are shown in 

Figure 15. It can be seen that the f l a t  rollers squeezed the nickel diamond 

matrix flat on the cutting edge of the wire. This wire still has a high 

concentration of diamonds and after crush-rolling the diamonds on the surface 

in contact with the rolls, appear t o  have similar protrusion. 

To confirm that  this approach would revive the cutting effectiveness, this 

bladepack w a s  used to slice a 10 cm silicon block in Experiment 23 (Table 11). 

It was observed that the initial cutting rate for this experiment was 4.842 mils 

per minute, compared to 3 . 6 4 9  m i l s  per minute at the end of slicing prior to the 

crushing of the bladepack. The cutting rate was maintained throughout the 

slicing experiment and the average cutting rate for this block was 3.672 mils 

per minute, considerably higher than the 2 . 8 5 4  mils per minute achieved for the 

block prior to crushing. In Experiment 23 many wafers broke during the slicing 

experiment which may be due to flat rolling. The roller should be ground to 

produce radiused grooves that conform to the outer radius of the diamond/nickel 

build-up on the wire. This would squeeze all diamonds on the cutting arc to the 

same elevation and not just the ones on the top surface. From this experiment 

it can be computed that the cutting effectiveness of bladepacks can be revived 

with a crushing s t e p  and that the average cutting rate for the block can be 

increased using this approach. 

In Experiment 24 a new bladepack was "crushed" prior to slicing a 10 cm 

block. This data shows 

that it is necessary to optimize the crushing of bladepacks to extend their life 

and revive cutting effectiveness. 

In this experiment a high yield of wafers w a s  achieved. 
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(ii) 

F i g u r e  15. Two views of a wire after c r u s h i n g  between f l a t  ro l le rs  
showing similar protrusion of diamonds. 
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Increase Penetration of Diamonds into Silicon Block 

The penetration of diamonds into a workpiece, h ,  is directly proportional 

to the load applied, L, and inversely proportional to the hardness of the sample, 

H, or 

h a _ L  
H 

Therefore, for the same material the penetration in the sample will increase as 

the load is increased. The bladepack used for slicing three silicon blocks in 

Experiments 9 ,  10 and 11 was used to validate the approach of slicing with higher 

penetration depth. A silicon block of approximately 2 crn width was sl iced for 

this experiment without rocking the crystal. It w a s  observed that the slicing 

rate was approximately 1.7 mils per minute under a load of approximately 60g per 

wire. When the load was increased to approximately 180g per wire, the slicing 

rate- increased by more than an order of magnitude (17 to 18 m i l s  per minute). 

From this experiment it can be concluded that under higher load conditions, the 

number of diamonds involved in slicing is increased considerably by increasing 

the penetration of the diamonds in the workpiece. 

3.5 DeEradation Mechanisms of Bladepacks 

It is important to identify the degradationmechanisms that cause the rapid 

degradation to diamond during FAST slicing. Stokes and Valentine'' have defined 

and described wear mechanisms for cubic boron nitride (CBN) abrasive. They 

postulate that wear of an electroplated grinding wheel may occur by the following 

mechanism or combinations thereof: 

(i) attritious grit wear, including chemical wear 

(ii) 

(iii) grit fracture 

(iv) wheel loading 

grit pull-out and bond erosion 
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Examination of the nickel-diamond cutting area of the wire with both SEM 

(Figure 16) and optical microscope does no t  reveal g r i t  pull-out, bond erosion 

or wheel loading. With SEM it is difficult to identify grit wear or grit 

fracture. The slicing experiments show that under the same t e s t  conditions, 

45 pm RVG friable diamond does n o t  degrade as fast as the stronger 45 pm GE 300s 

or 45 pm friable natural or CDA diamond, 

Explosively formed Dupont polycrystalline diamond is the most friable, but  

Experiment 19 w a s  not meaningful. This diamond has many metal inclusions that 

caused large nodules to form during plating. The nickel modules may have 

prevented the diamond from freely contacting the work. Cubic boron nitride (CBN) 

is very effective for cutting and grinding hard steel, but it would not cut 

silicon at  all, and the experiment had to be aborted immediately. Optical 

examination of the used wire showed massive wear f la t s  on the CBN, as shown in 

Figure 17. 

SEM examination of the various types of diamond tested and shown in Figure 

7 do not show any distinguishable attritious grit wear or fracture. 

Microfracturing of diamond is t o o  subtle to observe with SEM. 

It has been shown by SEM observation of diamond elevations, and predicted 

by theory, that less than 1% of the diamonds on the wire actually contact the 

workpiece during slicing. The forces on the diamond tips that contact the work 

must be high, because the blade contact length is short due to rocking to 

increase the pressure a t  the diamond tips, and there are few tips in contact 

within the short contact length. 

Based on the results to date, it is postulated that the sharp diamond 

cutting tip degrades t o  tiny flats that act as wear surfaces. A s  degradation 

proceeds the wear flats become larger and polishing wear becomes greater and 

cutting due to microfracturing of silicon by sharp diamond edges becomes less 
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F i g u r e  16. SEM examination of a wire a f t e r  u s e  showing t h a t  there i s  
* no diamond p u l l - o u t .  

47 



(ii) Higher magnificatian. 

Figure  17.  Opt ica l  examination of a CBN coated w i r e  a f t e r  
u s e  showing wear flats. 
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as the flats become larger. The high forces on the friable diamond may cause 

microfracture of the RVG diamonds to keep them sharp, or expose other diamonds. 

The stronger GE 300s may not break down, but develop wear flats due to attritious 

wear. 

For FAST the diamond tips are exposed to high loads and a l so  to push-pull 

The combination of high action peculiar to FAST resulting from reciprocation, 

load and push-pull action may cause rotation of the diamond f rom .a favorable to 

an unfavorable cutting orientation; i.e., a diamond t i p  that made contact with 

the work rotates until a more blunt surface, like a flat, contacts the work. 

Diamond rotation in its electroplated nickel bond has been reported for ID 

bladesZ1 where the conditions for rotation of the diamond in the nickel bond are 

not as favorable as i n  FAST slicing. This would suggest that the diamond should 

be held more firmly by using a thicker and/or harder nickel electroplating. 

Diamond bladepacks with the thickest electroplating resulting from longer plating 

time performed better than for bladepacks with thinner electroplating. Clearly 

the bonding of the diamond must be further investtgated to see if diamond 

rotation to a less  favorable cutting orientation is one of  the degradation 

mechanisms for FAST. 
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4.0 Cost Analysis 

A critical element in achieving low-cost slicing is the number of cuts 

made with one bladepack. In addition to increasing the l i f e  of the bladepack, 

significant cost reductions can be achieved with FAST by slicing an increased 

number of wafers per linear inch of silicon. With this approach the throughput 

of the slicer is increased and the c o s t  contribution from the meltstock and 

directional solidification of the ingot are also reduced. A comparison of the 

reduction of slicing costs and the effect on increasing production capacity and 

material utilization with FAST is shown in Table IV. This analysis has assumed 

that the bladepack is utilized to slice five 10 cm x 10 cm silicon blocks, Even 

under this assumption it can be seen that the bladepack c o s t s  constitute about 

half the slicing costs; therefore, it is imperative that the degradation of the 

bladepacks during FAST slicing be m i n i m a l  so that they can be utilized for 

slicing multiple silicon blocks. The effect of improved material utilization 

using FAST is shown in Table V. It can be seen that the sllcing costs can be 

reduced by a factor o f  three and that the total wafer costs by a factor of two 

by extending the life of the bladepack and improving material utilization. 
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'iable IV. Material utilization, throughput and projected c o s t s  in production 
for FAST slicing. ln this analysis the bladepack life is assumed 
to be 5 cutsfiladepack. 

SDacinP of Wires. Wires/Inch 

paterial Utilizatioq 

# of wafers/inch 40 40 64  

# of wafers/cm 15.7 18.9 25.2 

100 mm x 100 rnm wafers produced/kg 60 75 100 

ThrouEhDut 

Cycle Time (hrs.) 

#I of wafers/cycle 

# of wafers/slicer/day 

# of wafers/slicer/year 
(333 days/yr.), million 

16 18 20 

1200 1440 1920 

1800 1920 2304 

0.60 0.64  0.77 

Proiected Costs  

Direct Labor (5 slicers/opewator, 0.0320 0,0300 0.0250 
$12/hr.), $/Wafer 

Indirect Labor 0.0320 0.03OO 0,0250 

Total Labor, $/Wafer 0.0640 0.0600 0.0500 

Equipment Costs  

($250,000 slicer, 5 yr. life), $/Wafer 0.0834 0.0782 0.0652 

Expendable Materials 

Other - ($25/run), $/Wafer 

Bladepack - ($500,550,605 each, 
5 cuts/bladepack), $/Wafer 

0.0208 0.0174 0.0130 

0,1667 0,1526 0. i260 

Total C o s t s ,  $/Wafer 0 ,3349  0.3082 0.2542 
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Table v. Projected costs of FAST slicing, $/wafer, showing sensitivity of 
bladepack f i fe  and material utilization on silicon ingot ,  slicing 
and total wafer costs for 100 nun x 100 mm wafer production. Silicon 
bar costs are assumed to be $70/kg and other parameters are the same 
as Table IV, 

64  

I # of Wafers/Inch 

0 . 6 4 7 3  0.6473 0.6473 
0.4433 0 ,2542  0,1912 
1.0906 0.9015 0.8385 

# of Cuts/Bladepack 

40 1.0357 1,0357 
0 , 6 3 4 9  0 , 3 3 4 9  
1.6706 1.3706 

1.0357 
0,2515 
1.2872 

48 0.8631 0.8631 0.8631 
g ,5375 0.3082 0.2320 
1.4006 1.1713 1.0951 

-Silicon Bar 
-Slicing 
-Wafer Costs 

-Silicon Bar 

-Wafer Costs 
-Slicing 

-Silicon Bar 
-Slicing 
-Wafer Costs 
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5.0 Results and Discussions 

The photovoltaic industry has been growing at an annual rate projected at 

20 to 30 percent. To broaden photovoltaic applications it is necessary to lower 

the cost of modules without sacrificing high performance. The photovoltaic 

industry recognizes that only crystalline silicon can meet the requirements of 

photovoltaic modules for near future applications. To lower costs the high- 

power density must be combined with efficient high-throughput in production. 

Silicon wafer cost represents more than half total module c o s t ;  reduction 

of silicon wafer cost is therefore critical for lowering the costs of 

photovoltaic energy. During the last decade crystalline silicon ingot growth 

technologies have shown considerable progress in producing high-efficiency 

material at low cost; however, slicing of these ingots is s t i l l  an obstacle since 

it represents nearly 50 percent of the wafer cost, and the expendable blade cost 

represents about one half the slicing c o s t .  It is desirable to develop a high 

production slicing technique to slice thin wafers with low kerf at low cost. 

If these kerf and wafer objectives are achieved, the contribution of  silicon 

meltstock and ingot growth c o s t s  to the wafer costs are lessened because less 

silicon material is required. The key to reducing the sllcing cost is to reduce 

the expendable costs. 

Among the slicing techniques available to the industry, the ID technique 

has been optimized, and significant further cost reductions are not anticipated. 

Improvements have been made in NWS technique; however, expendable materials c o s t s  

control the cost of slicing. Moreover, the disposal of silicon, silicon carbide 

and oil mixture presents environmental problems. 

A third approach, FAST, is currently at a prototype production stage. In 

FAST the expendable materials costs are reduced by using a diamond-plated 

wirepack, while the advantages of NWS are retained. Once FAST slicing w a s  
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demonstrated i n  the laboratory and it was shown that high quality thin wafers 

could be produced with low kerf, a major development program was undertaken in 

1989. The emphasis in this development program was to design and fabricate a 

prototype FAST slicer with hcreased throughput and potentially to lower c o s t  

in production. A double-headed prototype FAST slicer with a capacity to slice 

30 inches of silicon bar per KUn was designed and built. Effective slicing at 

40 wafers per inch has demonstrated that 1,200 wafers can be produced per run. 

Thinner wafers can be sliced by changing the spacing of the wires in the 

bladepack. 

Simultaneously with the slicing machine development, emphasis was placed 

Effective electroforrning 

It has been 

on developing of effective wirepacks f o r  FAST slicing. 

techniques have been developed which minimize kerf and reduce costs. 

observed that cutting effectiveness of bladepacks degrades with time. 

Developments in plating bladepacks have shown that diamond pullout during FAST 

slicing is no longer a problem. 

The present program on wire blade development was initiated to understand 

the degradation mechanism of the wirepacks, Experimental evidence showed that 

a very small number of diamonds on the wire contact the silicon workpiece during 

FAST slicing; therefore, the effective feed forces on each diamond tip is high. 

Under these conditions the diamond tip may become blunt by forming a "wear flat" 

or it may be moved in i ts  nickel setting to a less favorable cutting orientation 

during the reciprocation action. Since the effective pressure on the diamond 

tip decreases as the flat increases in size, the diamond cannot be removed from 

the wire to allow diamonds at lower elevations to contact the workpiece; 

effective slicing cannot be restored. Once a silicon block is sliced, the 

diamonds at highest elevations canbe removed by dressing so tha t  sharp diamonds 

at lower elevations contact the workpiece. Therefore, cutting effectiveness of 
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a wirepack can be restored after dressing and prior to slicing a new silicon 

block. Using this approach the wirepack life has been increased from slicing 

a silicon block to slicing of three silicon blocks. 

It has not been established that the degradation mechanism for wirepacks 

is due to a very small number of diamonds contacting the workpiece during FAST 

slicing, A theoretical analysis is being carried out to confirm the experimental 

observation of the degradation mechanism. Once the degradation mechanism was 

identified, an attempt was made to crush roll the wirepack so that the number 

of diamonds at the same elevation were increased and more diamonds contacted 

the workpiece during slicing. An attempt w a s  also 

made to increase the number of diamonds involved in FAST slicing by slicing at 

higher feed forces. Slicing rates were increasedby an order of magnitude with 

a three-fold increase in the feed force. 

The results were positive. 

At the present time an effective high-throughput FAST slicer has been 

installed. The basic development to produce electroformed wirepacks with a high 

concentration of diamonds plated only in the cutting edge of the wires has been 

completed. Effective slicing has been demonstrated with surface damage in FAST 

s l iced  wafers limited to 3 to 5 pm. At the present time the expendable materials 

costs for FAST slicing are high because the cutting effectiveness of the 

wirepacks is degraded during slicing. The mechanism for loss in cutting 

effectiveness has not been identified. It has been shown that the cutting 

effectiveness can be revived af ter  FAST slicing by a dressing operation, During 

this dressing step very f e w  diamonds are removed so that the diamond 

concentration for slicing the subsequent silicon block is still high, The 

theoretical calculations complement the experimental model for the degradation 

mechanism for the wirepacks. 
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A number of other wire configurations and techniques have now been 

identified which could aid FAST slicing so that  a wirepack can slice up to ten 

10 cm square silicon blocks. Once this is established in practice, the wire 

spacing can be changed to improve the material utilization. Further wafer 

economies can be achieved by reducing the silicon material utilized in each 

wafer . 
Therefore, FAST has the potential of achieving major cost reductions for 

silicon wafers and make photovoltaics a viable energy technology. 
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